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Despite intense efforts there is no safe and efficacious vaccine against visceral leishma- 
niasis, which is fatal and endemic in many tropical countries. A major shortcoming in the 
vaccine development against blood-borne parasitic agents such as Leishmania is the inad- 
equate predictive power of the early immune responses mounted in the host against the 
experimental vaccines. Often immune correlates derived from in-bred animal models do 
not yield immune markers of protection that can be readily extrapolated to humans. The 
limited efficacy of vaccines based on DNA, subunit, heat killed parasites has led to the 
realization that acquisition of durable immunity against the protozoan parasites requires a 
controlled infection with a live attenuated organism. Recent success of irradiated malaria 
parasites as a vaccine candidate further strengthens this approach to vaccination. We devel- 
oped several gene deletion mutants in Leishmania donovani as potential live attenuated 
vaccines and reported extensively on the immunogenicity of LdCentrinl deleted mutant 
in mice, hamsters, and dogs. Additional limited studies using genetically modified live 
attenuated Leishmania parasites as vaccine candidates have been reported. However, for 
the live attenuated parasite vaccines, the primary barrier against widespread use remains 
the absence of clear biomarkers associated with protection and safety. Recent studies 
in evaluation of vaccines, e.g., influenza and yellow fever vaccines, using systems biol- 
ogy tools demonstrated the power of such strategies in understanding the immunological 
mechanisms that underpin a protective phenotype. Applying similar tools in isolated human 
tissues such as PBMCs from healthy individuals infected with live attenuated parasites such 
as LdCen - ^ in vitro followed by human microarray hybridization experiments will enable 
us to understand how early vaccine-induced gene expression profiles and the associated 
immune responses are coordinately regulated in normal individuals. In addition, compara- 
tive analysis of biomarkers in PBMCs from asymptomatic or healed visceral leishmaniasis 
individuals in response to vaccine candidates including live attenuated parasites may pro- 
vide clues about determinants of protective immunity and be helpful in shaping the final 
Leishmania vaccine formulation in the clinical trials. 
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INTRODUCTION 

An estimated 100,000 VL cases are reported annually in the 
endemic foci of northeastern India, Nepal, and Bangladesh alone 
and -150 million people are at risk for infection (1). The current 
programs for elimination of VL include early diagnosis and treat- 
ment, coordinated vector control, and effective disease surveillance 
through passive and active case detection (2). Vector or reservoir 
control, toxicity of currently available drugs, and increasing par- 
asite resistance underline the need for an effective prophylactic 
vaccine against leishmaniasis (3). 

Estimates of potential economic value of a prophylactic vac- 
cine indicated that even a vaccine with a relatively short duration of 



protection and modest efficacy could prevent a substantial number 
of cases at low-cost. Further, a vaccine providing ~5 years duration 
of protection with as little as 50% efficacy remains cost-effective 
compared with chemotherapy (4). Development of a prophylac- 
tic vaccine against Leishmania has gone through a long trajectory 
that includes phases of systematic selection of antigens, adjuvants, 
natural immune parameters to identify correlates of protection 
[ reviewed in Ref. (5) ] . Despite these advances, there is no effective 
vaccine even though vaccine is thought to be feasible. Protection 
against reinfection following a natural infection with Leishmania 
major historically has been the reason for feasibility of a vaccine 
(6). Similarly people successfully cured from visceral leishmaniasis 
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develop Leishmania specific Thl -type cellular-mediated responses 
and protection against new infections (7). The absence of an effec- 
tive vaccine to a large extent is related to the absence of clear 
understanding of correlates of protection. Concerns also remain 
about the ability of current experimental models to predict pro- 
tection against natural, sandfly transmitted infection (8). A recent 
survey of past clinical trials with killed Leishmania antigens in 
Central American countries, Iran, and Sudan showed absence of 
efficacy against developing CL ( 3 ) . This further underlines the lack 
of understanding of the immune mechanisms that drive protec- 
tion not only in human leishmaniasis but in other parasitic diseases 
as well. This lack of vaccine efficacy owing to lack of knowledge of 
correlates of protection is even more powerfully illustrated in the 
recently concluded malaria vaccine trials where only a subpopula- 
tion of the vaccines was protected (9). The parameters measured 
in the vaccine study did not reveal any correlations that could 
explain the observed differences. In contrast, tremendous progress 
has been made in the understanding of vaccine-induced immu- 
nity in several viral vaccines includingAIDS (10), yellowfever (11), 
and influenza (12) that showed the power of systematic analysis 
of early immune responses can have immense value in providing 
a clear understanding of immune mechanisms of protection. 

BIOMARKERS OF ASYMPTOMATIC CARRIERS OF 
VL-IMPLICATIONS TO VACCINE SUCCESS 

In the Indian subcontinent, humans are the only reservoir of the 
parasite L. donovani. An estimated 100,000 VL cases are reported 
annually in the endemic foci of northeastern India, Nepal, and 
Bangladesh, and in addition a significant number of asympto- 
matic carriers also occur (13). Various epidemiologic studies have 
reported that asymptomatic infections outnumber clinical VL 
cases including in India and Nepal (9:1) and Bangladesh (4:1) 
(14, 15). Thus, early diagnosis and treatment, and effective dis- 
ease surveillance through passive and active case detection have 
been identified as key components of Leishmania elimination (16). 
Importantly, the asymptomatic carriers with no overt signs of 
disease but could potentially develop active VL could serve as 
reservoirs of parasites in the endemic areas. In practice, more 
asymptomatic individuals than those with active VL are identified 
in high endemicity areas (17). A 2-year longitudinal study in the 
hyperendemic regions in India showed that seropositivity in direct 
agglutination test (DAT)- and rK39-based tests at baseline cannot 
predict development of VL (18). Persistence of antibodies over 
periods of several years against L. donovani further complicates the 
careful identification of active versus past exposure (19). In order 
to develop biomarkers of parasitemia DAT, ELISA based on rK39 
and whole cell lysate and quantitative PCR tests were employed 
in a recent clinical study (20). Developing tools that can predict 
progression to VL disease will lead to early intervention and treat- 
ment, but also have implications for future vaccination trials. The 
comparative diagnostic tests revealed the limited complementar- 
ity between serology-based tests and DNA-based diagnostic assays 
underlining the fact that the presence of L. donovani DNA is tran- 
sient, as was also described in a larger survey of asymptomatic 
children in Brazil (21). Further, the low predicted parasite bur- 
den in the asymptomatic carriers in the study (the median 0.1 L. 
donovani DNA equivalents/milliliter of blood) implied that more 



robust PCR methods need to be developed to detect low parasite 
burdens. In a whole blood-based IFN-y release assay in high VL 
endemic region in India showed that whole blood from active and 
cured VL cases can produce antigen-specific IFN-y (19). Secretion 
of IFN-y from active VL cases in whole blood assays strongly sug- 
gested that no Thl response deficit exists but the pathogenesis is 
indicative of immune suppression. The only discriminating factor 
between active and cured VL was IL- 10 where only active VL cases 
secreted IL-10 (13). This establishes a pattern of biomarkers that 
will be helpful in a vaccine trial to identify asymptomatic carri- 
ers and also raises important considerations for testing of in vitro 
correlates in PBMCs versus whole blood cultures. 

VACCINATION APPROACHES IN LEISHMANIA 

Heat killed Leishmania and recombinant antigens have the longest 
history of clinical trials against CL in parts of South America 
including Brazil, Ecuador, and also in Iran and Sudan [reviewed 
in Ref. (3)]. A majority of these trials used Leishmania skin test 
(LST) as a biomarker for vaccine efficacy. This is due to a strong 
correlation between LST positivity and protection after recovery 
from the disease caused by several species (22). A retrospective 
analysis indicated that reproducible evidence of protective efficacy 
against CL has not emerged from these clinical trials using heat 
killed Leishmania vaccines. Absence of demonstrable efficacy in 
most of the randomized controlled trials is consistent with the 
killed whole parasite preparations being inadequate to produce 
long lasting, relevant immune responses required for protection. 
Even though vaccinated groups in some trials showed larger LST, 
the observed immunogenicity was not translated into protective 
efficacy against CL. Thus measuring LST as a correlate of vaccine- 
induced immunity has only limited predictive power. However, 
conversion from negative LST reaction to LST >5 after vaccination 
has been observed to be associated with significantly lower infec- 
tion incidence in Brazil, Iran, and Sudan (3). It must be noted 
that in several of the heat killed Leishmania vaccines, BCG was 
a common adjuvant and the immune reaction caused by BCG 
compounded the LST-based interpretation significantly. A meta- 
analysis further confirmed that LST conversion may be associated 
with an immune response that can provide some protection by its 
ability to distinguish a subpopulation of responders to leishmanial 
antigens or BCG after vaccination even though such response had 
a huge variability (16-68% conversion rate) in these studies (23). 

In early vaccination studies, choice of antigens in majority 
of vaccine formulations related to CL as well as VL was empir- 
ical. Systematic studies to identify potential vaccine antigens 
against VL were undertaken more recently using proteome serol- 
ogy (24), bioinformatics approaches, and reactivity with serum 
from active VL cases (25, 26). Previous efforts to identify antigens 
that showed protective efficacy against L. donovani infection in 
experimental VL models include K26/HASPB (27), A2 (28), kine- 
toplastid membrane protein-11 (29), nucleoside hydrolase (30), 
cysteine proteinase B (31), and sterol 24-C-methyltransferase (25, 
32). Recently, these antigens were evaluated in peripheral blood 
obtained from a limited number of cases of healed VL and pre- 
viously unexposed controls to test if the cytokines released in 
response to Leishmania antigen can reveal markers that could pre- 
dict efficacy of the six candidates (7). If the selected antigens elicit 
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cellular immune responses correlating with protection or cure 
(e.g., IFN-y production in previously exposed and cured indi- 
viduals) that may indicate the potential to be good candidates 
for prophylactic and therapeutic vaccines. Of the cytokines tested 
IFN-y, IL-2, IL-4, IL-5, IL-10, and TNF-a, only soluble Leishma- 
nia antigen-specific IFN-y in healed VL cases showed significantly 
higher secretion compared to controls (7). Interestingly, TNF-a 
secretion was observed along with high IFN-y secretion in samples 
that respond to SLA (7) resembling a pattern of multifunctional 
Thl cells that correlate with protection observed against L. major 
infection (33). Interestingly, KMP-11 and K26/HASPB did not 
show Thl -related IFN-y production in cured VL subjects even 
though these antigens were selected on the basis of previous stud- 
ies with experimental animal models that showed a protective role 
for KMP-11 and K26/HASPB (27, 29). The observed discrepancy 
in protective efficacy of these antigens in mouse versus human 
pre-clinical studies could be due to several reasons including their 
induction of CD8+ T cells, but not CD4+ cells the latter of which 
have been shown to be the main source of IFN-y in cured VL (34) 
and to limitations in the measurement of responses by CD8+ T 
cells (7). These studies have demonstrated the importance of com- 
paring antigens for their protective efficacy and allow selection for 
a future vaccine and importantly revealed the dichotomy in the 
results obtained in the experimental mouse models and human 
pre-clinical studies. 

Previous studies with HASPB and KMP-11 as prophylactic 
vaccines indicated good protection associated with the develop- 
ment of CD8+ T cell responses in hamsters and isolated human 
PBMCs with KMP1 1 (35, 36) and immunogenicity in dogs against 
HASPB 1 antigen (37). When these antigens were tested in a recent 
study as potential therapeutic vaccines, experiments with mice 
revealed that route and dose influenced the breadth and magni- 
tude of the observed CD8+ T cell responses (38). For instance, the 
response to the HASPB C-terminal epitope was twofold greater 
in the footpad compared to subcutaneous administration (38). 
Footpad vaccination induced clear and dose-dependent IgGl and 
IgG2a responses, a proxy for CD4+ T cell response but in sub- 
cutaneous vaccination such response was undetectable suggesting 
that route of administration as a determinant of the host response 
(38). Although significant reduction in splenic parasite burdens 
was observed, the failure to elicit CD8+ T cell responses indi- 
cated that HASPB and KMP11 indicated that they might not 
be dominant antigens in terms of CD8+ T cell recognition as 
was seen in several antigen interference studies (39). However, 
the reduction in the parasite burdens in the immunized mice 
implied that correlation with strong CD4+ T cell responses upon 
treatment with Leishmania soluble antigen may not be a neces- 
sary prerequisite as suggested by the human pre-clinical studies 
with these antigens. In addition, the data suggested an interesting 
possibility that for an antigen to be effective as a vaccine candi- 
date, it may not have to be the dominant antigen during natural 
infection (38). 

GENETICALLY MODIFIED LIVE ATTENUATED L. DONOVAN! 
AS VACCINE CANDIDATES 

Though several multi-antigen recombinant protein and DNA vac- 
cines have been and continue to be tested as vaccine candidates, 



no effective vaccine against VL has been developed so far. In con- 
trast to subunit vaccines, live attenuated parasite vaccines have 
several advantages in terms of their ability to induce adaptive 
immune responses relevant to protection by mimicking a nat- 
ural infection without causing overt disease and likely induce 
an immune response consistent with protection (40). Early live 
attenuated Leishmania parasites were developed by targeted dele- 
tion of dihydrofolate reductase-thymidylate synthase (DHFR-TS) 
in L. major and cysteine proteases cpa and cpb in L. mexicana 
(41, 42). These studies demonstrated the feasibility of using live 
attenuated parasites for vaccination against CL and provided the 
rationale for developing and testing several gene deletion mutants 
in other Leishmania species including L. donovani subsequently. 
Further, early progress demonstrated in the vaccination studies 
in CL using live attenuated parasites led to identification of spe- 
cific parameters to be evaluated in a discussions sponsored by 
the WHO (TDRNews 2005; http://www.who.int/tdr/publications/ 
documents/tdrnews- issue- 75.pdf ) . 

Despite the early progress in CL vaccine studies based on 
murine models of L. major infections, it is well- recognized that the 
immune mechanisms mediating visceral disease in the liver and 
spleen caused by L. donovani differ significantly from other species 
of Leishmania causing CL and mucocutaneous disease (43, 44). 
Consequently, vaccine-induced immunity required for protection 
in CL versus VL is likely to differ in significant ways although cross 
protection studies indicated common mechanisms of protection 
(32,45-49). 

Acquisition of protective immunity following leishmanization 
in cutaneous leishmaniasis (3), development of Leishmania spe- 
cific Thl -type immune response, and protection against new 
infection in individuals successfully cured from VL (7) and in case 
of VL a complete Leishmania cDNA expression library injected 
into mice was more protective than subpools of the library plas- 
mids, emphasizing the idea that the whole parasite makes the 
best vaccine (50). Immunization with live attenuated parasites is 
likely to deliver several antigens than the limited number possi- 
ble with subunit or recombinant antigens as revealed by studies 
in L. major (40, 51). Recent success with irradiated Plasmod- 
ium falciparum sporozoites in inducing strong protection upon 
intravenous administration further demonstrates the feasibility of 
using attenuated parasites as vaccine candidates (52). Relative ease 
of genetic manipulation of genes allowed to produce several gene 
knock out L. donovani parasite strains (5). The live attenuated 
parasites organisms have the advantage of presenting a complete 
antigen spectrum like in a natural infection, which may result in a 
robust immunity unlike subunit vaccines that are limited in anti- 
genic repertoire. The attenuated parasites persist in the host for 
a limited period of time providing the immune system persistent 
antigens that allowing for the generation of antigen-specific mem- 
ory cells that are important for providing a protective response 
following subsequent infection. Several targeted gene deletions 
have been carried out to develop Leisfomam'a-attenuated vaccine 
strains. Similar to CL studies, protection against virulent challenge 
was reported in experimental mouse immunization with L. dono- 
vani deleted for biopterin transporter (53) A2-rel gene cluster 
in L. donovani (54) SIR2 gene in L. infantum (55) and Hsp70-II 
(56) as immunogens induced protection against virulent challenge 
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Table 1 | Genetically modified live attenuated vaccine candidates in L. donovani complex. 



Target of deletion 


Animal model 


Results of immunization 


Reference 


Biopterin transporter, LdBT1 


DdlU/^ 


Protective immunity, antigen-specific IFN-y secretion 


Papadopoulou et al. (53) 


Centrin 1 , LdCen - ' - 


Balb/C mice, 
hamsters, 


Protective immunity against L. donovani and L. braziliensis 
challenge. Increased IFNy, IL2, andTNF producing cells and 

I F M-w/l I -1 0 ratiri nroconro nf mi i Itif i mptinnal ^ollc 
ii i n y/ 1 i_r i u idLiu, |ji coci iL-t; ui r i iuilii ui iulkji icii L-ciio 


Selvapandiyan et al. 
(48), Fiuza etal. (58) 


Silent information regulatory two 
single allele deletion, LiSIR2± 


Balb/C 


Protective immunity, increased antigen-specific IFNy/IMO ratio 


Silvestre et al. (55) 


Cytochrome c oxidase complex 
component p27, Ldp27~'~ 


Balb/C 


12-Week survival in host, protective immunity against L. donovani, 
L. braziliensis, and L. major challenge. Increased IFNy, 1^2, and 
TNF producing cells and IFNy/IL-10 ratio 


Dey et al. (49) 


Heat shock protein 70, LiHsp70~'~ 


Balb/C 


Cross protection against L. major, high lgG2a relative to IgG 1 


Carrion et al. (56) 



in BALB/c mice (Table 1). These experiments demonstrated the 
potential of generating live attenuated vaccines by targeted gene 
disruptions. Our laboratory has developed a L. donovani mutant 
{LdCen^ 1 ^) deleted for the centrin gene. Centrin is a growth reg- 
ulating gene in the protozoan parasites Leishmania. LdCenr 1 ^ 
is specifically attenuated at the amastigote stage and not as the 
promastigote (57). The mutant Leishmania amastigotes showed 
cytokinesis arrest in the cell cycle and persisted for a short duration 
in animals (mice and hamsters) or ex vivo in human macrophages 
and were eventually cleared (48). Mouse immunization experi- 
ments revealed that LdCen~ ! ~ can protect mice against virulent 
challenge and this protection was accompanied by the induction 
of robust Leishmania specific multifunctional T cell responses (48) 
as was reported in previous studies that showed strong protection 
against an L. major challenge (33). Immunization experiments 
also revealed that intrinsic growth defect of LdCen~ ! ~ amastig- 
otes allows for limited replication in the mouse as was revealed by 
their clearance after a limited period. Immunization experiments 
in dogs with LdCen~ ! ~ revealed that these attenuated parasites 
can be inducing potent immunogenicity and early indication of 
protection against virulent challenge (58). Similarly, we devel- 
oped L. donovani mutant (Ldp27~*~ ) deleted for the p27 gene, an 
essential component of cytochrome c oxidase complex involved in 
oxidative phosphorylation (59). Similar to LdCen^ 1 ^, Ldp27~ l ~ 
parasites also induced Leishmania-specific multifunctional T cell 
responses in mice and showed strong potential as a candidate vac- 
cine (49). We have also developed L. donovani mutants deleted 
for a ubiquitin-like protein in Leishmania (LdUfml^ 1 ^) and the 
processing enzyme Ufsp (LdUfsp^ 1 ^) that converts the precursor 
Ufml into its conjugatable form (60, 61). L. donovani Ufml con- 
jugates to and modifies the enzymes involved in |3 -oxidation of 
fatty acids. Since the Ufml protein is part of a pathway involving 
activities of several proteins, it is possible to create additional dele- 
tion mutants deficient in multiple genes without causing additive 
loss of virulence thus enhancing the safety of the live attenuated 
parasites. Together, these examples of genetically altered parasites 
provide opportunities for testing as live attenuated vaccine candi- 
dates in pre-clinical and clinical conditions. Despite the advantages 
of live attenuated parasites as vaccines, there are considerable chal- 
lenges. A major concern with live attenuated vaccines is the risk 



of reversion to a virulent parasite. Hence, biomarkers of safety 
are essential to assess the genetic and physiological traits of the 
organism to assess stability of the attenuated parasites in addi- 
tion to biomarkers of efficacy that are just as important to any 
kind of anti- Leishmania vaccine. Several issues regarding the live 
attenuated vaccines must be overcome including safety, genetic 
stability, lack of transmissibility, limited persistence, and condi- 
tions of cryopreservation in order for these vaccines to be used 
in human trials (62). In addition, growing the attenuated organ- 
isms in media containing serum of bovine origin constitutes a 
possible safety risk due to BSE-related hazard. Our recent stud- 
ies have shown that the live attenuated L. donovani parasites can 
be grown in serum free media (63). The presence of antibiotic 
markers in the live attenuated organisms can be potential safety 
concern. Recent clinical trials for treating lung cancer and glioblas- 
toma with tumor cell vaccines or retroviral vectors containing 
Neo r and Hyg r markers that confer resistance against neomycin 
and hygromycin suggest that these markers may be permissible in 
clinical trials (64, 65). However, recent developments in genome 
engineering methods including use of zinc finger nucleases, tran- 
scription activator-like effector nucleases might be pertinent for 
developing marker free live attenuated Leishmania parasites as was 
the use of Tn5 transposon or thymidine kinase-based antibiotic 
marker removal (66-69). The ability to create marker free attenu- 
ated mutants might also be helpful in creating Leishmania parasites 
lacking multiple genes thus limiting the probability of reversion 
to virulence due to mutations in secondary loci as observed in 
lpg2~'~ in L. major (70). Similarly, infection experiments under 
immunosuppressive conditions to show limited persistence and 
sand fly infections post-immunization to show lack of transmis- 
sibility might be necessary for demonstrating the safety of live 
attenuated Leishmania parasites. Our preliminary experiments to 
investigate transmissibility by sand flies have shown that the live 
attenuated L. donovani parasites (LdCen~ ! ~ and Ldp27~ ! ~) do 
not establish an infection in sand flies (Dey et al., unpublished). 

IMMUNOLOGY OF HUMAN VL 

The immunopathology of VL has been extensively studied in 
experimental mouse model, dog model, and to a limited extent 
in humans. It has long been established that protection against 
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Leishmania is derived predominantly from T cell-mediated immu- 
nity with both Thl- and Th2-associated cytokines contributing 
to vaccine-induced resistance (71). Even though the correlates of 
immunity to human VL are not fully understood, the protection 
requires antigen-specific CD+4 and CD+8 T cell responses (72). 
PBMCs from active VL patients typically do not proliferate or pro- 
duce IFN-y in response to Leishmania antigen where as PBMCs 
from cured VL cases do proliferate [(73), Avishek et al., unpub- 
lished data] . Recent studies have clarified that human VL is not 
associated with Th2-biased responses dominated by IL-4 and or 
IL-13 but produce elevated serum IL-1, IL-6, IL-8, IL-12, IL-15, 
IP-10, IFN-y, and TNFa (74, 75). The role of IL-10 in promoting 
pathology of VL has long been demonstrated in human studies. 
This is primarily accomplished by turning macrophages unre- 
sponsive to activation signals. DCs are important for initiating 
immunity and further modifying the immune response. Secre- 
tion of cytokines by DCs strongly influences the outcome of T 
cell responses. Stimulation of DCs to produce IL-12 drives cre- 
ation of antigen-specific IFN-y secreting Thl-type CD4 and CD8 
cells that aid in resolution of infection (76). Several human stud- 
ies indicated that IFN-y secretion is the biomarker for protection 
even though both VL and CL can progress despite the presence of 
a Thl-type of response. IL-10 expression is the only other marker 
that has been consistently shown to negatively correlate with the 
protection. Elevated serum levels of IL-10, IL-6, and IL-8 in serum 
have been shown to be associated with active disease (73). 

Poor understanding of the mechanism of immune protection 
has thus impaired development of effective vaccine against human 
VL so far. This is in many respects paralleled by attempts at devel- 
oping a vaccine against malaria. More recently, results from the 
clinical trials with RTS,S/AS01 in the infants have underlined the 
importance of biomarkers of efficacy. Efficacy of RTS,S/AS0 1 was 
only 26% against sever malaria (9). Absence of knowledge about 
the nature of adaptive immune responses in certain protected 
population in malaria endemic areas and whether such immuno- 
logical correlates of protection can be mimicked by vaccination 
still remain unanswered. The protection observed only in small 
fraction of infants suggests that it is important to determine which 
vaccine elicited responses are necessary for such protection (77). 
Since typical clinical trials can last for several years, absence of 
knowledge on biomarkers of protection can considerably impede 
the progress of vaccine development. This is reflected by the lim- 
ited success rate (22%) observed in vaccine development (78). 
Comprehensive analysis of antibodies, cytokines, immune cells, 
and whole-genome transcription to identify key host responses 
associated with an effective protection would be necessary to reveal 
those answers. 

SYSTEMS BIOLOGICAL APPROACHES IN VACCINE-INDUCED 
IMMUNITY 

Majority of the currently licensed vaccines have mostly developed 
empirically, and protection by these vaccines is generally conferred 
by antigen-specific antibodies, which prevent infection. Many viral 
vaccines, such as the live attenuated vaccines, work by mimicking 
pathogens, to stimulate lasting and protective immunity in the 
host (79). Only recently, the immune mechanisms underlying the 



protection are beginning to be understood in the otherwise empir- 
ically developed viral vaccines. Recent technological advances in 
molecular genetics, molecular and cellular immunology, structural 
biology, bioinformatics, computational biology, nanotechnology, 
formulation technologies, and systems biology have facilitated 
new developments in antigen discovery/design, adjuvant discov- 
ery, and immune monitoring that offer substantial potential for 
discovering new biomarkers of protective immunity, and identify 
the limitations of animal models for screening and prioritizing 
human vaccines (80). Recent progress in understanding how the 
innate immune system recognizes microbial stimuli and regulates 
adaptive immunity is being applied to vaccine discovery in what 
is termed "systems vaccinology" (81). Systems vaccinology is an 
offshoot of systems biology for which tools of a number of high- 
throughput technologies including DNA microarrays, RNA-seq, 
protein arrays, deep sequencing, mass spectrometry along with 
sophisticated computational tools have been originally developed 
(81). Together, these tools enable system-wide unbiased molec- 
ular measurements, which can then be used to reconstruct the 
perturbations in the immune networks (82). 

The tools of systems biology were first applied for the highly 
effective yellow fever vaccine YF-17D, which is a live attenuated 
virus. Yellow fever vaccine has been one of the most success- 
ful vaccines known. Past immunological studies have revealed 
that YF-17D induces neutralizing antibodies, cytotoxic T cells and 
Thl/Th2 cells, and signal via Toll-like receptors 2, 7, 8, and 9 on 
subsets of dendritic cells (83). Querec et al. (11) and Gaucher 
et al. (84) first applied systems biological approaches in evaluating 
immune responses to vaccination to discern new and fundamen- 
tal insights about the workings of the immune system by detailed 
study of innate and adaptive immune responses to vaccination 
(Yellow Fever Vaccine) in humans. When the PBMCs from the 
vaccinated and control groups were tested in human microar- 
ray hybridization experiments, results revealed that genes of the 
antiviral type I interferon pathway, complement pathway, and 
infiammasome were induced 3-7 days after vaccination, concomi- 
tant with the development of the adaptive immune response. In 
addition, a broad spectrum of gene regulations for innate sensing, 
including TLR7, RIG-I, MDA5, and LGP2, and for innate signal- 
ing, including JUN, STAT1, IRF7, and RNF36, was also observed. 
Analysis of immune networks revealed that it is possible to pre- 
dict titers of neutralizing antibodies by the early gene expression 
signatures. 

Later studies with seasonal influenza model using systems biol- 
ogy approaches compared immune responses to a live attenuated 
virus vaccine, or a trivalent-inactivated vaccine (12). This com- 
parison revealed important differences between the live attenuated 
versus trivalent-inactivated vaccines. The live attenuated vaccine 
induced the expression of several interferon-related genes, com- 
mon to live viral vaccines where as, the inactivated vaccine, induced 
genes highly expressed in plasma B cells. Such comparative analy- 
sis of gene expression in human microarrays in the first week of 
vaccination allowed prediction of antibody responses in the vac- 
cines based on the expression of markers such as the receptor gene 
for B cell growth factor BLyS (12). This clearly demonstrated that 
analysis of early transcriptomic profiles from the peripheral blood 
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can be used in identifying novel immune networks and also predict 
vaccine efficacy. 

The gene expression profiles once obtained can also be utilized 
to identify if the correlates of protection are universally applicable. 
For instance, the metabolic changes of the aging body, including 
the increased presence of apoptotic cells and of oxidative stress 
induce the immune system to change its "quiescent" state to a dif- 
ferent, often higher level of basal activation [reviewed in Ref. (85)]. 
Similarly, the role of sex hormones in affecting the vaccine-induced 
immunity is not often studied. A meta-analysis of the yellow fever 
vaccine study revealed substantially higher expression signatures 
in the toll-like receptor-interferon signaling in women compared 
to men (86). Similar studies with influenza vaccine revealed an 
immunosuppressive role for testosterone in influenza vaccination. 
Unexpectedly, this immunosuppression was linked to genes that 
participate in lipid metabolism including leukotriene A4 hydro- 
lase, revealing the power of systems analysis (87). The main appeal 
of using systems biology approaches to examine vaccine-induced 
immunity is the ability to study early responses in peripheral 
blood by comparing genes and pathways induced before/after 
immunization. This paradigm can be applied to compare effi- 
cacy of different vaccine formulations including live attenuated 
parasite vaccines, recombinant antigen vaccines if knowledge of 
biomarkers of protection is available. 

Since immune cells migrate through the blood stream between 
lymph nodes, spleen, and peripheral tissues obtaining meaningful 
information of an immune response from this dynamic mix of cells 
remains a complex challenge. Several attempts have been made at 
decomposing the gene expression profile from a heterogeneous 
mix of cells into that of respective cell types based on unique gene 
expression profiles independently obtained from a pure cell pop- 
ulation such as monocytes, lymphocytes, neutrophils, eosinophils, 
and basophils (88). 

With the development of genomic and proteomic tools along 
with advances in computational approaches, global profiling of 
cellular states in terms of gene and protein expression has been 
applied to study a broad range of immunological phenomena. 
These approaches have been used to study T cell activation sig- 
natures (89, 90), blood cell states in patients with autoimmunity 
(91), and the responses of host cells to HCV infection (92). 

Even though the approaches outlined here can provide funda- 
mental insights into the immune responses to complex pathogens, 
it must be noted that so far only viral vaccines were studied. In most 
such cases, protection is mediated by antibodies whereas clear- 
ance of parasitic pathogens needs predominantly cell-mediated 
immunity. The role of antibody responses in protection is at best 
inconclusive in human leishmaniasis (73). In addition, it is con- 
ceivable that parasites engage with human immunity in multiple 
levels as is evidenced by immune suppression in humans with 
active VL. Computational approaches developed for the analysis 
of innate immunity point to the possibility of such analysis in 
human VL (93). 

CONCLUSION 

A major shortcoming in the vaccine development is the inade- 
quate predictive power of the early immune responses mounted 



in the host against the vaccines. Also, for the live attenuated para- 
site vaccines, the primary barrier against widespread use remains 
safe in terms of avirulence of the parasites in host. Therefore, 
understanding of the pathogenesis of live attenuated parasites 
such as LdCerT 1 ^ in human PBMC in different clinical groups 
will provide valuable information regarding avirulence of these 
parasites and efficacy in terms of immune- and non-immune- 
related responses prior to the evaluation in human trials. Recent 
influenza vaccine studies substantiated that the role of non- 
immune parameters in protective immunity is generally under 
appreciated and often missed in conventional vaccine studies that 
measure only immunological parameters. Obtaining such infor- 
mation via systems biology approaches, as has been applied to 
study viral vaccines, will enable us to understand how vaccine- 
induced responses are coordinately regulated in healthy, asymp- 
tomatic infected individuals, and individuals recovered from VL. 
This will provide information regarding correlates of protection as 
well as biomarkers of safety and enable identification of immune 
and non-immune predictors hitherto unidentified to Leishmania 
antigens or live attenuated vaccine candidates in the human cells 
and might be useful in shaping the final vaccine formulation in 
the clinical trials. Studies comparing expression profiles of PBMCs 
from bonafide asymptomatic carriers with those that acquired 
protective immunity following clinical cure will likely provide bio- 
markers other than the IFN-y secretion as is currently practiced. 
Understanding of immune modulators that confer protection in 
VL can lead to new targets for immune therapy. 

REFERENCES 

1. Sundar S, Chakravarty J. Recent advances in the diagnosis and treatment of 
kala-azar. Natl Med } India (2012) 25:85-9. 

2. Matlashewski G, Das VN, Pandey K, Singh D, Das S, Ghosh AK, et al. Diagnosis 
of visceral leishmaniasis in Bihar India: comparison of the rK39 rapid diag- 
nostic test on whole blood versus serum. PLoS Negl Trop Dis (2013) 7:e2233. 
doi:10.1371/journal.pntd.0002233 

3. Noazin S, Modabber F, Khamesipour A, Smith PG, Moulton LH, Nasseri K, et al. 
First generation leishmaniasis vaccines: a review of field efficacy trials. Vaccine 
(2008) 26:6759-67. doi:10.1016/j.vaccine.2008.09.085 

4. Bacon KM, Hotez PJ, Kruchten SD, Kamhawi S, Bottazzi ME, Valenzuela 
JG, et al. The potential economic value of a cutaneous leishmaniasis vac- 
cine in seven endemic countries in the Americas. Vaccine (2013) 31:480-6. 
doi:10.1016/j.vaccine.2012.11.032 

5. Selvapandiyan A, Dey R, Gannavaram S, Lakhal-Naouar I, Duncan R, Salo- 
tra P, et al. Immunity to visceral leishmaniasis using genetically defined live- 
attenuated parasites. / Trop Med (2012) 2012:631460. doi:10.1155/2012/631460 

6. Khamesipour A, Dowlati Y, Asilian A, Hashemi-Fesharki R, Javadi A, Noazin 
S, et al. Leishmanization: use of an old method for evaluation of candidate 
vaccines against leishmaniasis. Vaccine (2005) 23:3642-8. doi:10.1016/j.vaccine. 
2005.02.015 

7. Kumar R, Goto Y, Gidwani K, Cowgill KD, Sundar S, Reed SG. Evaluation of ex 
vivo human immune response against candidate antigens for a visceral leishma- 
niasis vaccine. Am J Trop Med Hyg (2010) 82:808-13. doi:10.4269/ajtmh.2010. 
09-0341 

8. Costa CH, Peters NC, Maruyama SR, de Brito EC Jr, Santos IK. Vaccines for 
the leishmaniases: proposals for a research agenda. PLoS Negl Trop Dis (2011) 
5:e943. doi:10.1371/journal.pntd.0000943 

9. Agnandji ST, Lell B, Fernandes JF, Abossolo BP, Methogo BG, Kabwende AL, 
et al. A phase 3 trial of RTS,S/AS01 malaria vaccine in African infants. N Engl 
J Med (2012) 367:2284-95. doi:10.1056/NEJMoal208394 

10. Haynes BF, Gilbert PB, McElrath ML Zolla-Pazner S, Tomaras GD, Alam SM, 
et al. Immune-correlates analysis of an HIV-1 vaccine efficacy trial. NEngl J Med 
(2012) 366:1275-86. doi:10.1056/NEJMoalll3425 



Frontiers in Immunology | Immunotherapies and Vaccines 



May 2014 | Volume 5 | Article 241 | 6 



Gannavaram et al. 



Biomarkers of vaccine-induced immunity 



1 1 . Querec TD, Akondy RS, Lee EK, Cao W, Nakaya HI, Teuwen D, et al. Systems biol- 
ogy approach predicts immunogenicity of the yellow fever vaccine in humans. 
Nat Immunol (2009) 10:116-25. doi:10.1038/ni.l688 

12. Nakaya HI, Wrammert J, Lee EK, Racioppi L, Marie-Kunze S, Haining WN, et al. 
Systems biology of vaccination for seasonal influenza in humans. Nat Immunol 
(2011) 12:786-95. doi:10.1038/ni.2067 

13. Singh OP, Gidwani K, Kumar R, Nylen S, Jones SL, Boelaert M, et al. Reassess- 
ment of immune correlates in human visceral leishmaniasis as defined by 
cytokine release in whole blood. Clin Vaccine Immunol (2012) 19:961-6. 
doi:10.1128/CVI.00143-12 

14. Bern C, Haque R, Chowdhury R, Ali M, Kurkjian KM, Vaz L, et al. The epi- 
demiology of visceral leishmaniasis and asymptomatic leishmanial infection in 
a highly endemic Bangladeshi village. Am / Trop Med Hyg (2007) 76:909-14. 

15. Das VN, Siddiqui NA, Verma RB, Topno RK, Singh D, Das S, et al. Asymptomatic 
infection of visceral leishmaniasis in hyperendemic areas of Vaishali district, 
Bihar, India: a challenge to kala-azar elimination programmes. Trans R Soc Trop 
MedHyg (2011) 105:661-6. doi:10.1016/j.trstmh.2011.08.005 

16. Matlashewski G, Arana B, Kroeger A, Battacharya S, Sundar S, Das P, et al. Vis- 
ceral leishmaniasis: elimination with existing interventions. Lancet Infect Dis 

(2011) 11:322-5. doi:10.1016/S1473-3099(10)70320-0 

17. Ostyn B, Gidwani K, Khanal B, Picado A, Chappuis F, Singh SP, et al. Incidence 
of symptomatic and asymptomatic Leishmania donovani infections in high- 
endemic foci in India and Nepal: a prospective study. PLoS Negl Trop Dis (201 1 ) 
5:el284. doi:10.1371/journal.pntd.0001284 

18. Gidwani K, Rai M, Chakravarty J, Boelaert M, Sundar S. Evaluation of leish- 
manin skin test in Indian visceral leishmaniasis. Am J Trop Med Hyg (2009) 
80:566-7. 

19. Gidwani K, Picado A, Rijal S, Singh SP, Roy L, Volfova V, et al. Serological markers 
of sand fly exposure to evaluate insecticidal nets against visceral leishmaniasis in 
India and Nepal: a cluster-randomized trial. PLoS Negl Trop Dis (201 1) 5:el296. 
doi: 10. 1371/journal.pntd.000 1 296 

20. Vallur AC, Duthie MS, Reinhart C, Tutterrow Y, Hamano S, Bhaskar KR, 
et al. Biomarkers for intracellular pathogens: establishing tools as vaccine and 
therapeutic endpoints for visceral leishmaniasis. Clin Microbiol Infect (2013). 
doi:10. 1 1 1 1/1469-0691. 1242 1 

21. dos Santos Marques LH, Gomes LI, da Rocha IC, da Silva TA, Oliveira E, Morais 
MH, et al. Low parasite load estimated by qPCR in a cohort of children living 
in urban area endemic for visceral leishmaniasis in Brazil. PLoS Negl Trop Dis 

(2012) 6:el955. doi:10.1371/journal.pntd.0001955 

22. Ben Salah A, Louzir H, Chlif S, Mokni M, Zaatour A, Raouene M, et al. The 
predictive validity of naturally acquired delayed-type hypersensitivity to leish- 
manin in resistance to Leishmania major-associated cutaneous leishmaniasis. 
} Infect Dis (2005) 192:1981-7. doi:10.1086/498042 

23. Noazin S, Khamesipour A, Moulton LH, Tanner M, Nasseri K, Modabber F, et al. 
Efficacy of killed whole-parasite vaccines in the prevention of leishmaniasis: a 
meta-analysis. Vaccine (2009) 27:4747-53. doi:10.1016/j.vaccine.2009.05.084 

24. Forgber M, Basu R, Roychoudhury K, Theinert S, Roy S, Sundar S, et al. Mapping 
the antigenicity of the parasites in Leishmania donovani infection by proteome 
serology. PLoS One (2006) l:e40. doi:10.1371/journal.pone.0000040 

25. Goto Y, Coler RN, Reed SG. Bioinformatic identification of tandem repeat anti- 
gens of the Leishmania donovani complex. Infect Immun (2007) 75:846-51. 
doi:10.1128/IAI.01205-06 

26. Goto Y, Bhatia A, Raman VS, Liang H, Mohamath R, Picone AF, et al. KSAC, 
the first defined polyprotein vaccine candidate for visceral leishmaniasis. Clin 
Vaccine Immunol (2011) 18:1118-24. doi:10.1128/CVI.05024-ll 

27. Stager S, Smith DF, Kaye PM. Immunization with a recombinant stage-regulated 
surface protein from Leishmania donovani induces protection against visceral 
leishmaniasis. / Immunol (2000) 165:7064-71. doi:10.4049/jimmunol.l65.12. 
7064 

28. Ghosh A, Labrecque S, Matlashewski G. Protection against Leishmania dono- 
vani infection by DNA vaccination: increased DNA vaccination efficiency 
through inhibiting the cellular p53 response. Vaccine (2001) 19:3169-78. 
doi:10.1016/S0264-410X(01)00023-8 

29. Basu R, Bhaumik S, Basu JM, Naskar K, De T, Roy S. Kinetoplastid mem- 
brane protein- 11 DNA vaccination induces complete protection against both 
pentavalent antimonial-sensitive and -resistant strains of Leishmania donovani 
that correlates with inducible nitric oxide synthase activity and IL-4 genera- 
tion: evidence for mixed Thl- and Th2-like responses in visceral leishmaniasis. 
J Immunol (2005) 174:7160-71. 



30. Aguilar-Be I, da Silva Zardo R, Paraguai de Souza E, Borja-Cabrera GP, Rosado- 
Vallado M, et al. Cross-protective efficacy of a prophylactic Leishmania donovani 
DNA vaccine against visceral and cutaneous murine leishmaniasis. Infect Immun 
(2005) 73:812-9. doi:10.1128/IAI.73.2.812-819.2005 

31. Rafati S, Zahedifard F, Nazgouee F. Prime-boost vaccination using cysteine 
proteinases type I and II of Leishmania infantum confers protective immu- 
nity in murine visceral leishmaniasis. Vaccine (2006) 24:2169-75. doi:10.1016/ 
j.vaccine.2005. 11.011 

32. Goto Y, Bhatia A, Raman VS, Vidal SE, Bertholet S, Coler RN, et al. Leishma- 
nia infantum sterol 24-C-methyltransferase formulated with MPL-SE induces 
cross-protection against L. major infection. Vaccine (2009) 27:2884-90. doi:10. 
1016/j.vaccine.2009.02.079 

33. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, Flynn BJ, et al. Mul- 
tifunctional TH1 cells define a correlate of vaccine-mediated protection against 
Leishmania major. Nat Med (2007) 13:843-50. doi:10.1038/nml592 

34. Kemp K, Kemp M, Kharazmi A, Ismail A, Kurtzhals JA, Hviid L, et al. Leishma- 
ma-specific T cells expressing interferon-gamma (IFN-gamma) and IL- 10 upon 
activation are expanded in individuals cured of visceral leishmaniasis. Clin Exp 
Immunol (1999) 116:500-4. doi:10.1046/j.l365-2249.1999.00918.x 

35. de Carvalho LP, Soto M, Jeronimo S, Dondji B, Bacellar O, Luz V, et al. Character- 
ization of the immune response to Leishmania infantum recombinant antigens. 
Microbes Infect (2003) 5:7-12. doi:10.1016/S1286-4579(02)00051-5 

36. da Silva RA, Tavares NM, Costa D, Pitombo M, Barbosa L, Fukutani K, et al. 
DNA vaccination with KMP1 1 and Lutzomyia longipalpis salivary protein pro- 
tects hamsters against visceral leishmaniasis. Acta Trop (2011) 120:185-90. 
doi:10.1016/j.actatropica.201 1.08.007 

37. Moreno J, Nieto J, Masina S, Canavate C, Cruz I, Chicharro C, et al. Immu- 
nization with HI, HASPB1 and MML Leishmania proteins in a vaccine 
trial against experimental canine leishmaniasis. Vaccine (2007) 25:5290-300. 
doi:10.1016/j.vaccine.2007.05.010 

38. Maroof A, Brown N, Smith B, Hodgkinson MR, Maxwell A, Losch FO, et al. 
Therapeutic vaccination with recombinant adenovirus reduces splenic parasite 
burden in experimental visceral leishmaniasis. J Infect Dis (2012) 205:853-63. 
doi:10.1093/infdis/jir842 

39. Kedl RM, Kappler JW, Marrack P. Epitope dominance, competition and T cell 
affinity maturation. Curr Opin Immunol (2003) 15:120-7. doi:10.1016/S0952- 
7915(02)00009-2 

40. Handman E. Leishmaniasis: current status of vaccine development. Clin Micro- 
biol Rev (2001) 14:229-43. 

41. Titus RG, Gueiros-Filho FJ, de Freitas LA, Beverley SM. Development of a safe 
live Leishmania vaccine line by gene replacement. Proc Natl Acad Sci USA 
(1995)92:10267-71. 

42. Alexander J, Coombs GH, Mottram JC. Leishmania mexicana cysteine 
proteinase-deficient mutants have attenuated virulence for mice and potentiate 
a Thl response. / Immunol (1998) 161:6794-801. 

43. McMahon-Pratt D, Alexander J. Does the Leishmania major paradigm of patho- 
genesis and protection hold for New World cutaneous leishmaniases or the vis- 
ceral disease? Immunol Rev (2004) 201:206-24. doi:10.1111/j.0105-2896.2004. 
00190.x 

44. Soong L, Henard CA, Melby PC. Immunopathogenesis of non-healing Amer- 
ican cutaneous leishmaniasis and progressive visceral leishmaniasis. Semin 
Immunopathol (2012) 34:735-51. doi:10.1007/s00281-012-0350-8 

45. Porrozzi R, Teva A, Amaral VF, Santos da Costa MV, Grimaldi G Jr. Cross- 
immunity experiments between different species or strains of Leishmania 
in rhesus macaques (Macaca mulatta). Am J Trop Med Hyg (2004) 71: 
297-305. 

46. Rachamim N, Jaffe CL. Pure protein from Leishmania donovani protects 
mice against both cutaneous and visceral leishmaniasis. / Immunol (1993) 
150:2322-31. 

47. Tonui WK, Titus RG. Cross-protection against Leishmania donovani but 
not L. Braziliensis caused by vaccination with L. Major soluble promastig- 
ote exogenous antigens in BALB/c mice. Am J Trop Med Hyg (2007) 76: 
579-84. 

48. Selvapandiyan A, Dey R, Nylen S, Duncan R, Sacks D, Nakhasi HL. Intracel- 
lular replication-deficient Leishmania donovani induces long lasting protec- 
tive immunity against visceral leishmaniasis. ] Immunol (2009) 183:1813-20. 
doi: 1 0.4049/jimmunol.0900276 

49. Dey R, Dagur PK, Selvapandiyan A, McCoy JP, Salotra P, Duncan R, et al. Live 
attenuated Leishmania donovani p27 gene knockout parasites are nonpathogenic 



www.frontiersin.org 



May 2014 | Volume 5 | Article 241 7 



Gannavaram et al. 



Biomarkers of vaccine-induced immunity 



and elicit long-term protective immunity in BALB/c mice. / Immunol (2013) 
190:2 1 38-49. doi: 10.4049/jimmunol. 120280 1 

50. Melby PC, Ogden GB, Flores HA, Zhao W, Geldmacher C, Biediger NM, et al. 
Identification of vaccine candidates for experimental visceral leishmaniasis by 
immunization with sequential fractions of a cDNA expression library. Infect 
lmmun (2000) 68:5595-602. doi:10.1128/IAI.68.10.5595-5602.2000 

51. Rivier D, Bovay P, Shah R, Didisheim S, Mauel J. Vaccination against Leishmania 
major in a CBA mouse model of infection: role of adjuvants and mechanism of 
protection. Parasite Immunol (1999) 21:461-73. doi:10.1046/j.l365-3024.1999. 
00244.x 

52. Seder RA, Chang LJ, Enama ME, Zephir KL, Sarwar UN, Gordon IJ, et al. Protec- 
tion against malaria by intravenous immunization with a nonreplicating sporo- 
zoite vaccine. Science (2013) 341:1359-65. doi:10.1126/science.l241800 

53. Papadopoulou B, Roy G, Breton M, Kundig C, Dumas C, Fillion I, et al. Reduced 
infectivity of a leishmania donovani biopterin transporter genetic mutant and 
its use as an attenuated strain for vaccination. Infect lmmun (2002) 70:62-8. 
doi:10.1128/IAI.70.1.62-68.2002 

54. Zhang WW, Matlashewski G. Characterization of the A2-A2rel gene cluster in 
Leishmania donovani: involvement of A2 in visceralization during infection. Mol 
Microbiol (2001) 39:935-48. doi:10.1046/j.l365-2958.2001.02286.x 

55. Silvestre R, Cordeiro-Da-Silva A, Santarem N, Vergnes B, Sereno D, Ouaissi 
A. SIR2-deficient Leishmania infantum induces a defined IFN-gamma/IL- 
10 pattern that correlates with protection. / Immunol (2007) 179:3161-70. 
doi:10.4049/jimmunol.l79.5.3161 

56. Carrion J, Folgueira C, Soto M, Fresno M, Requena JM. Leishmania infantum 
HSP70-II null mutant as candidate vaccine against leishmaniasis: a preliminary 
evaluation. Parasit Vectors (2011) 4:150. doi:10.1186/1756-3305-4-150 

57. Selvapandiyan A, Debrabant A, Duncan R, Muller J, Salotra P, Sreenivas G, 
et al. Centrin gene disruption impairs stage-specific basal body duplication 
and cell cycle progression in Leishmania. J Biol Chem (2004) 279:25703-10. 
doi:10.1074/jbc.M402794200 

58. Fiuza JA, Santiago Hda C, Selvapandiyan A, Gannavaram S, Ricci ND, Bueno LL, 
et al. Induction of immunogenicity by live attenuated Leishmania donovani cen- 
trin deleted parasites in dogs. Vaccine (2013) 31:1785-92. doi:10.1016/j.vaccine. 
2013.01.048 

59. Dey R, Meneses C, Salotra P, Kamhawi S, Nakhasi HL, Duncan R. Character- 
ization of a Leishmania stage-specific mitochondrial membrane protein that 
enhances the activity of cytochrome c oxidase and its role in virulence. Mol 
Microbiol (2010) 77:399-414. doi:10.1111/j.l365-2958.2010.07214.x 

60. Gannavaram S, Connelly PS, Daniels MP, Duncan R, Salotra P, Nakhasi HL. 
Deletion of mitochondrial associated ubiquitin fold modifier protein Ufml 
in Leishmania donovani results in loss of beta-oxidation of fatty acids and 
blocks cell division in the amastigote stage. Mol Microbiol (2012) 86:187-98. 
doi:10. 1 1 1 1/j. 1365-2958.2012.08183.X 

61. Gannavaram S, Davey S, Lakhal-Naouar I, Duncan R, Nakhasi HL. Deletion of 
ubiquitin fold modifier protein Ufml processing peptidase Ufsp in L. donovani 
abolishes Ufml processing and alters pathogenesis. PLoS Negl Trop Dis (2014) 
8(2):e2707. doi:10.1371/journal.pntd.0002707 

62. TDR News. Live attenuated Leishmania vaccines. (2005) 75:6. 

63. Dey R, Gannavaram S, Selvapandiyan A, Fiuza J, Duncan R, Nakhasi HL. Cur- 
rent status and future challenges for the development of genetically altered live 
attenuated Leishmania vaccines. In: Satoskar A, Durvasula R, editors. Patho- 
genesis of Leishmaniasis: New Developments in Research. New York: Springer 
Science+Business Media (2014). p. 45-66. doi:10.1007/978- 1-4614-9108-8 

64. Ram Z, Culver KW, Oshiro EM, Viola JJ, DeVroom HL, Otto E, et al. Therapy 
of malignant brain tumors by intratumoral implantation of retroviral vector- 
producing cells. Nat Med (1997) 3:1354-61. doi:10.1038/nml297-1354 

65. Nemunaitis J, Dillman RO, Schwarzenberger PO, Senzer N, Cunningham C, Cut- 
ler J, et al. Phase II study of belagenpumatucel-L, a transforming growth factor 
beta-2 antisense gene-modified allogeneic tumor cell vaccine in non-small-cell 
lung cancer. / Clin Oncol (2006) 24:4721-30. doi:10.1200/JCO.2005.05.5335 

66. Gaj T, Gersbach CA, Barbas CF. ZFN, TALEN, and CRISPR/Cas-based methods 
for genome engineering. Trends Biotechnol (2013) 31:397-405. doi:10.1016/j. 
tibtech.2013.04.004 

67. Denise H, Coombs GH, Mottram JC. Generation of Leishmania mutants lacking 
antibiotic resistance genes using a versatile hit-and-run targeting strategy. FEMS 
Microbiol Lett (2004) 235:89-94. doi:10.1111/j.l574-6968.2004.tb09571.x 



68. Laurentino EC, Ruiz JC, Brito LO, Fiandt M, Nicoletti LM, Jamur MC, 
et al. The use of Tn5 transposable elements in a gene trapping strategy for the 
protozoan Leishmania. Int J Parasitol (2007) 37:735-42. doi:10.1016/j.ijpara. 
2006.12.021 

69. Mureev S, Kushnir S, Kolesnikov AA, Breitling R, Alexandrov K. Construc- 
tion and analysis of Leishmania tarentolae transgenic strains free of selection 
markers. Mol Biochem Parasitol (2007) 155:71-83. doi:10.1016/j.molbiopara. 
2007.05.007 

70. Spath GF, Lye LF, Segawa H, Turco SJ, Beverley SM. Identification of a compen- 
satory mutant (Ipg2-REV) of Leishmania major able to survive as amastigotes 
within macrophages without LPG2-dependent glycoconjugates and its signifi- 
cance to virulence and immunization strategies. Infect lmmun (2004) 72:3622-7. 
doi:10.1128/IAI.72.6.3622-3627.2004 

71. Kaye PM, Curry AJ, Blackwell JM. Differential production of Thl- and Th2- 
derived cytokines does not determine the genetically controlled or vaccine- 
induced rate of cure in murine visceral leishmaniasis. / Immunol (1991) 
146:2763-70. 

72. Kaye P, Scott P. Leishmaniasis: complexity at the host-pathogen interface. Nat 
RevMicrobiol (2011) 9:604-15. doi:10.1038/nrmicro2608 

73. Kumar R, Nylen S. Immunobiology of visceral leishmaniasis. Front Immunol 

(2012) 3:251. doi:10.3389/fimmu.2012.00251 

74. Ansari NA, Saluja S, Salotra P. Elevated levels of interferon-gamma, interleukin- 
10, and interleukin-6 during active disease in Indian kala azar. Clin Immunol 
(2006) 119:339-45. doi:10.1016/j.clim.2006.01.017 

75. Nylen S, Maurya R, Eidsmo L, Manandhar KD, Sundar S, Sacks D. Splenic accu- 
mulation of IL-10 mRNA in T cells distinct from CD4+CD25+ (Foxp3) regu- 
latory T cells in human visceral leishmaniasis. J Exp Med (2007) 204:805-17. 
doi:10. 1084/jem.20061 141 

76. Nylen S, Akuffo H. Tracing immunity to human leishmaniasis. Future Microbiol 

(2009) 4:241-54. doi:10.2217/17460913.4.2.241 

77. Daily JP. Malaria vaccine trials - beyond efficacy end points. NEngl J Med (2012) 
367:2349-5 1 . doi: 10. 1056/NEJMel2 1 3392 

78. Struck MM. Vaccine R&D success rates and development times. Nat Biotechnol 
(1996) 14:591-3. doi:10.1038/nbt0596-591 

79. Pulendran B. Learning immunology from the yellow fever vaccine: innate immu- 
nity to systems vaccinology. Nat Rev Immunol (2009) 9:741-7. doi:10.1038/ 
nri2629 

80. Koff WC, Burton DR, Johnson PR, Walker BD, King CR, Nabel GJ, et al. Acceler- 
ating next- generation vaccine development for global disease prevention. Science 

(2013) 340:1232910. doi:10.1126/science.l232910 

81. Pulendran B, LiS, Nakaya HI. Systems vaccinology. Immunity (2010) 33:516-29. 
doi:10.1016/j.immuni.2010.10.006 

82. Germain RN, Meier-Schellersheim M, Nita-Lazar A, Fraser ID. Systems biol- 
ogy in immunology: a computational modeling perspective. Annu Rev Immunol 
(2011) 29:527-85. doi:10.1146/annurev-immunol-030409-101317 

83. Li S, Nakaya HI, Kazmin DA, Oh JZ, Pulendran B. Systems biological approaches 
to measure and understand vaccine immunity in humans. Semin Immunol 
(2013) 25:209-18. doi:10.1016/j.smim.2013.05.003 

84. Gaucher D, Therrien R, Kettaf N, Angermann BR, Boucher G, Filali- 
Mouhim A, et al. Yellow fever vaccine induces integrated multilineage and poly- 
functional immune responses. J Exp Med (2008) 205:31 19-31. doi:10.1084/jem. 
20082292 

85. Boraschi D, Aguado MT, Dutel C, Goronzy J, Louis J, Grubeck-Loebenstein B, 
et al. The gracefully aging immune system. Sci TranslMed (2013) 5:185ps8. 

86. Klein SL, Jedlicka A, Pekosz A. The Xs and Y of immune responses to viral vac- 
cines. Lancet Infect Dis (2010) 10:338-49. doi:10.1016/S1473-3099(10)70049-9 

87. Furman D, Hejblum BP, Simon N, Jojic V Dekker CL, Thiebaut R, et al. Sys- 
tems analysis of sex differences reveals an immunosuppressive role for testos- 
terone in the response to influenza vaccination. Proc Natl Acad Sci USA (2014) 
1 1 1:869-74. doi:10. 1073/pnas. 132 10601 1 1 

88. Shen-Orr SS, Tibshirani R, Khatri P, Bodian DL, Staedtler F, Perry NM, et al. 
Cell type-specific gene expression differences in complex tissues. Nat Methods 

(2010) 7:287-9. doi:10.1038/nmeth.l439 

89. Haining WN, Wherry EJ. Integrating genomic signatures for immunologic dis- 
covery. Immunity (2010) 32:152-61. doi:10.1016/j.immuni.2010.02.001 

90. Haining WN, Pulendran B. Identifying gnostic predictors of the vaccine 
response. Curr Opin Immunol (2012) 24:332-6. doi:10.1016/j.coi.2012.03.010 



Frontiers in Immunology | Immunotherapies and Vaccines 



May 2014 | Volume 5 | Article 241 | 8 



Gannavaram et al. 



Biomarkers of vaccine-induced immunity 



91. Pascual V, Chaussabel D, Banchereau J. A genomic approach to human autoim- 
mune diseases. Annu Rev Immunol (2010) 28:535-71. doi:10.1146/annurev- 
immunol- 030409- 101221 

92. Diamond DL, Syder AJ, Jacobs JM, Sorensen CM, Walters KA, Proll SC, et al. 
Temporal proteome and lipidome profiles reveal hepatitis C virus-associated 
reprogramming of hepatocellular metabolism and bioenergetics. PLoS Pathog 
(2010) 6:el000719. doi:10.1371/journal.ppat.l000719 

93. Amit I, Regev A, Hacohen N. Strategies to discover regulatory circuits of the 
mammalian immune system. Nat Rev Immunol (2011) 11:873-80. doi:10.1038/ 
nri3109 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 



Received: 28 February 2014; accepted: 09 May 2014; published online: 23 May 2014. 
Citation: Gannavaram S, Dey R, Avishek K, Selvapandiyan A, Salotra P and Nakhasi 
HL (2014) Biomarkers of safety and immune protection for genetically modified 
live attenuated Leishmania vaccines against visceral leishmaniasis - discovery and 
implications. Front. Immunol. 5:241. doi: 10. 3389/fimmu.2014. 00241 
This article was submitted to Immunotherapies and Vaccines, a section of the journal 
Frontiers in Immunology. 

Copyright © 2014 Gannavaram, Dey, Avishek, Selvapandiyan, Salotra and Nakhasi. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original author(s) or licensor are credited and that the origi- 
nal publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these 
terms. 



www.frontiersin.org 



May 2014 | Volume 5 | Article 241 |9 



